Summary: The effects of a very short ischemic insult on hilar somatostatin (SS) neurons were investigated in the gerbil hippocampus by means of immunocytochemistry and in situ hybridization histochemistry. A selective and significant loss of 40% of hilar SS neurons took place after I day, and a 60% loss after 7 days following 2 min of ischemia, while no SS neurons were lost during recircu lation after I min of ischemia. Repeated 2-min periods of ischemia, which induced ischemic tolerance by vulnera-
Ischemic damage to the hippocampus is charac terized by the selective vulnerability of pyramidal cells in the CAl and the subiculum and of neurons in the hilus of the dentate gyrus (Brierly, 1976; Kirino, 1982) . It has been reported that selective early loss of somatostatin (SS) neurons in the den tate hilus precedes CA l pyramidal neuron death af ter global cerebral ischemia in the rat (Johansen et al., 1987) and gerbil (Matsuyama et al. , 1991) . These studies suggest that the loss of SS neurons, which presumably innervate inhibitory GABAergic ("1-aminobutyric acid) interneurons, causes hyperac tivity of CA l neurons, stimulating them to death. However, it has not been determined whether the hilar SS neurons are actually more vulnerable to ischemia than CA l neurons. In gerbils, transient global forebrain ischemia for 5 min leads to delayed ble CAl neurons, caused almost complete loss of hilar SS neurons. This study clearly demonstrates that hilar SS neurons are more vulnerable to ischemic insult than CAl pyramidal neurons. Ischemic tolerance may be induced during the progressive loss of SS neurons in the hilus by changes in their synaptic connections to CAl pyramidal neurons. Key Words: Somatostatin-Dentate hilus Cerebral ischemia-Ischemic tolerance-Gerbil Immunocytochemistry.
neuronal death in the CA I, while a shorter period of ischemic insult, e.g., 2 min, is not lethal to CA l neurons (Hatakeyama et al. , 1988) . Recently, Kita gawa et al. (1990) have demonstrated that a very short period of ischemia induces ischemic tolerance of vulnerable CA l neurons. Kirino et al. (199 1) have reported that this induced tolerance may cor relate to a change in protein synthesis of vulnerable neurons after 2 min of ischemia. These studies fo cused on a possible alteration in these neuronal cells from a vulnerable to a tolerant phenotype, trig gered by some stimulus generated following isch emia. A change in the neuronal pathways to the vulnerable neuronal populations may also contrib ute to such an alteration. Previously, the destruc tion of pathways of excitatory amino acid (EAA) stimulation of CA l neurons, e.g., by destruction of the dentate gyrus, has been reported to protect CA l neurons from ischemia (Johansen et al., 1986) . In this study, the effects of a very short period of isch emia on hilar SS neurons were investigated to de termine the threshold of ischemic insult for SS neu ronal loss in the dentate hilus. We also examined the possible relationship between the loss of SS neurons and the phenomenon of ischemic toler ance.
MATERIALS AND METHODS
Fifty adult male Mongolian gerbils weighing 60--80 g were lightly anesthetized with inhaled ether, and bilateral cerebral ischemia was produced by occlusion of both common carotid arteries. Body temperature was main tained at 36.5 to 37°C during the ischemic insult, and for at least 1 h following the ischemic period. Animals were divided into a sham-operated group (group A), a single ischemic insult group (groups B-D), and a repeated 2-min ischemic insult group (groups E and F). The single isch emic insult group was further divided into a 5-min insult group (group B), a 2-min insult group (group C), and a I-min insult group (group D). In the repeated 2-min isch emic insult group, animals underwent two 2-min periods of ischemia 1 day apart, and 2 days after the last ischemic period, one group of animals was killed (group E), and the other group underwent a 5-min period of ischemia followed by 7 days of recirculation (group F). The gerbils were perfusion fixed with Zamboni's fixative at the recir culation times indicated in Table I . Brains were removed, and 16-j.Lm sections of the dorsal hippocampus were cut on a cryostat and subjected to immunocytochemistry.
An additional group of gerbils was killed by decapita tion, after sham operation (three animals) and at 1 and 7 days following ischemia either of 5 min or of 2 min dura tion (two animals per group). Their brains were frozen on dry ice. Sixteen-micron sections of those brains were thaw mounted on gelatinized glass slides and subjected to in situ hybridization histochemistry.
For immunostaining, a poly clonal antibody against so matostatin-14 raised in rabbit (Cambridge Research Bio chemicals Ltd., Cambridge, England) was used. Sections were incubated overnight at 4°C with a I: 1 ,000 dilution of the primary antibody, and then stained by avidin-biotin peroxidase complex method (Vectastain ABC Kit, Vec tor Lab. Inc., Burlingame, CA, U.S.A.). For in situ hy bridization, we used a somatostatin oligonucleotide probe from NEN Research Products (Du Pont, Boston, MA, U.S.A.), which was already labeled with [35S]dATP. In situ hybridization followed an established technique (Arentzen et aI., 1985; Young et aI., 1986) . Hybridization was carried out overnight at 42°C with the labeled probe (1-5 x 106 dpm/slide). Subsequent washes were in 0.15 M NaCI-O.015 M Na citrate at 55°C for 1 h and at room temperature for 2 h. Sections were then dehydrated in a graded alcohol series and dried. Slides were dipped in Kodak NTB-3 emulsion (Rochester, NY, U.S.A.) and ex posed at 4°C for 3 weeks. Autoradiograms were devel oped in Kodak D-19 developer and counterstained with cresyl violet. Specificity of the labeling was confirmed by pretreating the sections with RNase A. The number of SS-immunoreactive or SS mRNA-containing cells in the dentate hilus was counted by a blinded observer, in at least 12 slices per animal. Results are presented as num ber of cells ± SD/slice. For differences in cell count among the groups, statistical analysis was performed us ing Bonferroni's modified t test.
RESULTS
The results obtained from immunocytochemistry are summarized in Table 1 . The number and distri bution of SS-immunoreactive neurons were identi cal to those of SS mRNA-containing neurons in the hippocampus. In sham-control animals (group A), approximately 14 of 65 cells in the hilus were iden tified as SS neurons (SS immunoreactive) (Fig. lA) . Following 5 min of ischemia (group B), the number of SS neurons decreased by 65% after 1 day and by 95% after 7 days of recirculation (Fig. lB) . Animals given a single 2-min ischemic insult (group C) ex hibited a mild but significant change in SS neuron number in the hilus. The number of hilar SS neu rons decreased by 40% after 1 day and by 55-60% after 7 days (Fig. lC) . Animals that received a sin gle I-min ischemic insult (group D) had no SS neu ron loss in the hilus at 7 days of recirculation (Fig.  10) . The SS neurons in the oriens and radiatum layers of Ammon's horn were less affected by these three protocols of ischemic insult (data not shown). Non-SS neurons in the hilus were decreased only at 7 days after 5 min of ischemia.
The gerbils that underwent 2 min of ischemia twice at I-day intervals showed a 70% decrease of hilar SS neurons 2 days after the latter ischemic insult (group E; Fig. IE) . Seven days after the 5-min 13.0 ± 0.6 52.0 ± 3.4 E: Two 2-min periods of ischemia I day apart 2 5 3. 9 ± 2.0 b 50.9 ± 4.9 F: Two 2-min periods of ischemia I day apart followed by 5 min of ischemia 7 5
1.6 ± l.4b
37.9 ± 4.4 b
All values are expressed as mean ± SO.
Statistically significant differences compared with sham-operated controls: ap < 0.05, bp < 0.01.
FIG. 1.
Sections of dorsal hippocampus from a sham-operated control (A) and postischemic gerbils (B-F). Left: overview of the dorsal hippocampus stained with cresyl violet; middle: higher magnification of the CA1 pyramidal neurons in the same section; right: higher magnification of the dentate hilus from the adjacent section, stained with antibodies against somatostatin (SS).
Hilar SS neurons were decreased in number 7 days after 5 min (8) and 2 min of ischemia (e), but not decreased 7 days after 1 min of ischemia (0). Two days after repeated 2-min ischemic insults (E), the loss of hilar SS neurons was remarkable. Seven days after 5 min of ischemia following repeated 2-min ischemic insult (F), CA1 pyramidal neurons were well preserved, whereas the hilar SS neurons were lost. Delayed neuronal death was only seen after a single 5-min ischemic insult (8). Bar = 200 jJ.m.
ischemic insult after the two 2-min ischemic epi sodes (group F), the number of SS neurons was further decreased (Fig. IF) . Non-SS cells in the hilus were decreased only in the animals of group F. The change in number of SS mRNA-positive neurons is similar to that of SS-immunoreactive neurons (Fig. 2) . In sham-operated animals, ap proximately 16 of 65 cells (15.7 ± 3.5/s1ice) in the hilus were identified as SS mRNA-positive neu- rons. The SS mRNA cells decreased by 64% (5.7 ± lA/slice) after I day, and by 96% (0.6 ± 0.6/s1ice) after 7 days fo llowing 5 min of ischemia. Ischemia for 2 min also resulted in a decrease in hilar SS mRNA neurons, by 49% (8.0 ± 2. lis lice) after 1 day (Fig. 2B ) and by 62% (5.9 ± 1.6/s1ice) after 7 days of recirculation.
The typical delayed neuronal death in CA l was seen only in animals that received a single 5-min ischemic insult. In the other groups, animals showed no or very mild lesions in CA l, in agree ment with a previous study (Kitagawa et aI., 1990) .
DISCUSSION
The present study clearly demonstrated that SS neurons in the dentate hilus decreased in number even after mild ischemic insults that were not lethal to CA 1 pyramidal neurons. The lack of change in the number of non-SS neurons argues that the non SS neurons are unaltered by very mild ischemic in sults. The pattern of loss of neurons expressing SS mRNA correlated well with the above immunocy tochemical results, suggesting that the loss of these neurons did not result from the depletion of SS but from neuronal degeneration, although we have not ruled out the possibility of transcriptional shutoff combined with SS depletion.
The mechanism that killed the SS neurons follow ing very mild ischemic insults remains undefined. Oxidative stress, increased EAA input, and intra cellular calcium overload have been proposed as mechanisms for the delayed degeneration of CA l pyramidal neurons (Uyama et aI., 1992). Our previ ous study showed that treatment before ischemic insult with superoxide dismutase or an EAA recep tor antagonist did not confer any protection against the loss of hilar SS neurons after 5 min of ischemia in the gerbil (Matsuyama et ai. 199 1) . Since these treatments did confer protection against delayed neuronal death (Nowak, 199 1; Uyama et aI., 1992), the ischemia-induced loss of hilar SS neurons ap pears to be independent of free radical formation, which has been proposed to act along with EAA release in the genesis of delayed neuronal death (Pellegrini-Giampietro et aI., 1990) .
It has been shown that hilar SS neurons receive direct excitatory inputs from the perforant pathway (Leranth et aI., 1990) , and loss of hilar SS neurons has been found both in human epilepsy (Robbins et aI., 199 1) and in an epileptic model (Sloviter, 1987) . These findings suggest that excitotoxic damage af fects SS interneurons in the hilus. However, prior lesions of excitatory pathways showed no protec-tive effects on the ischemic damage of hilar neurons (Kaplan et al., 1989) , suggesting that another mech anism(s) other than excitotoxicity may also be in volved. Whether or not hilar SS neuronal damage is modified by a calcium antagonist may afford some clues.
Ischemic tolerance is a phenomenon in which neurons acquire an endogenous resistance to isch emia, probably through changes in gene expression and protein synthesis (Kitagawa et al. , 1990; Kirino et aI., 199 1; Nowak, 199 1) . It has been proposed that two major factors are prerequisites for the de velopment of ischemic tolerance: ischemic stress strong enough to perturb the energy metabolism of the neurons, and a long enough interval between nonlethal and lethal ischemia for gene expression and protein synthesis. The present study together with a previous one (Kitagawa et aI., 1990) have revealed that an insult that was not lethal to CA l pyramidal neurons but was lethal to hilar SS neu rons (e.g. , 2 min of ischemia) induced tolerance of CA l neurons, while an insult that was not lethal to either population (1 min of ischemia) did not induce tolerance. These findings suggest that the loss of hilar SS neurons is associated with the acquisition of tolerance by CA l neurons.
Hilar SS neuron loss precedes CA l neuron death after ischemia or after stimulation of a perforant pathway, suggesting that hilar SS neuronal damage affects CA 1 neurons (Johansen et aI. , 1987; Slov iter, 1987) . Hilar SS interneurons may play a major role in regulating excitatory neurotransmission within the hippocampus, because their axons are localized in a position to modulate hippocampal in puts (Bakst et aI. , 1985; Amaral et al., 1988) . It is reasonable to believe that loss of hilar SS neurons makes the hippocampus more excitatory and makes CA l more vulnerable. Our results showing toler ance induced after loss of hilar SS neurons may argue somewhat against this hypothesis. Excito toxic stimulation may induce tolerance as well as vulnerability. It is well known that repeated nonle thal ischemia induces either tolerance or vulnerabil ity, probably depending upon the interval of the ischemic episodes Kita gawa et aI., 1990) . It is also suggested that excito toxic mechanisms play a role in CA l neuronal dam age following repeated nonlethal ischemia . The rapid destruction of hilar SS neurons following single lethal ischemia or following re peated nonlethal ischemia at a brief interval could induce excitatory hyperactivity, and thereby cause the death of CAl neurons. However, if the destruc tion were slower, CA l neurons might receive only sublethal excitation. Further studies are needed to determine the functional relationship between the hilar SS neurons and CAl pyramidal neurons.
Since prior lesions of a hippocampal excitatory pathway have been demonstrated to protect to some extent CAl pyramidal cells from ischemia induced degeneration (Onodera et aI. , 1986; Ben veniste et aI. , 1989; Kaplan et aI. , 1989) , the excit atory pathway including the SS input may be criti cal to delayed neuronal death in the CA l field. Previous studies have also supported the hypothe sis that glutamatergic innervation is important for CA l neuronal degeneration (Rothman and Olney, 1986; Benveniste et aI. , 1989) . However, recent electrophysiological studies have revealed that CA3 neurons, which are the major excitatory afferents to the CA l, are relatively silent during recirculation while CA l neurons are dying, suggesting that de layed neuronal death is due to an intrinsic distur bance in CA l neurons rather than altered excitation in the hippocampal circuitry (Chang et aI., 1989; Urban et aI. , 1989; Kirino et al. , 1992) . These find ings also suggest that an altered excitatory influence is not a major factor in the acquisition of tolerance by the CA l following mild ischemia, although we have not ruled out the possibility that the hyperac tivity of excitatory inputs may trigger the intrinsic disturbance. Therefore, the mechanism for isch emic tolerance should be examined at least from two aspects: the alteration of an excitotoxic influ ence on the CA I and the intrinsic change in the phenotype of CA l neurons. In conclusion, the present study suggests that the possibility that ex citotoxicity generated by the loss of hilar SS neu rons plays an important role in the generation of ischemic tolerance in CAl pyramidal neurons.
